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The latest Lyman-α forest data severely constrain the conventional warm dark matter solution to
small-scale issues in the cold dark matter paradigm. It has been also reported that unconstrained
astrophysical processes may address the issues. In response to this situation, we revisit the decaying
dark matter solution to the issues, discussing possible signatures to discriminate decaying dark
matter from astrophysical processes as a solution to small-scale issues. We consider an axinolike
particle (ALPino) decaying into an axionlike particle (ALP) and gravitino with the lifetime around
the age of the Universe. The ALPino mass is sub-PeV and slightly (∆m/m ∼ 10−4) larger than
the gravitino mass, and thus the dark matter abundance does not alter virtually after the ALPino
decays. On the other hand, the gravitino produced from the ALPino decay obtains a kick velocity
of ∼ 30 km/s, which is sufficiently larger than a circular velocity of dwarf galaxies to impact their
dark matter distributions. The Lyman-α forest constraints are relieved since only a small fraction
(∼ 10%) of dark matter experiences the decay at that time. Decaying dark matter is thus promoted
to a viable solution to small-scale issues. The ALPino relic abundance is determined predominantly
by the decay of the lightest ordinary supersymmetric particle. The monochromatic ALP emission
from the ALPino decay is converted to ∼ 50 GeV photon under the Galactic magnetic field. The
morphology of the gamma-ray flux shows a distinctive feature of the model when compared to
decaying dark matter that directly decays into photons. Once detected, such distinctive signals
discriminate the decaying dark matter solution to small-scale issues from unconstrained astrophysical
processes.
PACS numbers: 95.35.+d
Introduction – Cold dark matter (CDM) is a standard
paradigm of the large-scale (Mpc–Gpc) structure forma-
tion of the Universe, explaining a wide range of cosmolog-
ical observations such as cosmic microwave background
(CMB) anisotropies [1] and galaxy clustering [2]. Nev-
ertheless, looking to the small-scale (sub-Mpc) matter
distribution of the Universe, one finds a variety of dis-
crepancies between CDM predictions and observations
(small-scale issues) [3]. Although hydrodynamic simu-
lations have been demonstrating that astrophysical pro-
cesses may address small-scale issues [4–6], the implemen-
tation of subgrid astrophysical processes is still uncertain
and unconstrained. Thus it is worth investigating alter-
native solutions to small-scale issues.
The too-big-to-fail problem is one prominent exam-
ple of small-scale issues. N -body simulations have seen
about 10 most massive subclumps in Milky-Way-size ha-
los to be more concentrated in the inner region (0.1-1 kpc)
than the observed dwarf spheroidal galaxies [7, 8]. Con-
ventional warm dark matter (WDM) with a few keV mass
is shown to resolve this discrepancy by smearing the pri-
mordial density contrast and thus delaying a halo for-
mation below a cutoff scale through free-streaming [9].
The free-streaming effect is maximal at matter-radiation
equality and thus suppressed are not only the formation
of present subgalactic halos but also matter clustering
at high redshifts. The smoothed matter distribution at
z = 3–5 is probed and severely constrained by the recent
Lyman-α forest data [10–13]. The WDM solution to the
too-big-to-fail problem appears not viable [14].
It motivates one to look for another alternative as a
solution to the too-big-to-fail problem. It is given in
the framework of decaying dark matter (DDM), where a
DDM particle decays into a stable dark matter (SDM)
particle and a light invisible particle. Previous stud-
ies [15–24] show that the small-scale issues are mitigated
when the DDM lifetime is Γ−1 ∼ tage ' 13.8 Gyr (age
of the Universe) and a kick velocity is Vk = ∆m/m ∼
20–40 km/s. We refer readers to Ref. [23] for a DDM
simulation and direct comparison of predicted circular ve-
locities of most massive subclumps with those observed.
Instead, here, we provide a qualitative explanation for
how DDM alleviates the too-big-to-fail problem.
DDM makes significant impacts on small-scale struc-
ture whose circular velocity is smaller than the kick ve-
locity. If the kick velocity is larger than a circular ve-
locity, SDM particles escape from that region; if not,
halo structure is not impacted. SDM particles move from
the central region (0.1-1 kpc) of most massive subclumps,
where the circular velocity is a few tens km/s, to the
outer region due to the kick velocity of Vk ∼ 20–40 km/s.
The inner DM density profile gets shallower and diffuse
and resultantly the too-big-to-fail problem is mitigated.
Furthermore, less massive subclumps can even evaporate
since Vk ∼ 20–40 km/s is larger than the maximal circular
velocity. The resultant shallower DM density profile and
the reduced number of small subclumps infer that late
decaying dark matter can also solve the core-cusp prob-
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2lem [25, 26] and the missing satellite problem [27, 28],1
respectively, in a similar parameter space [23].
The DDM effects on the Lyman-α forests are weaker
than the WDM ones. For Γ−1 = tage, only 14% of DDM
decays before z = 3, while 62% of DDM decays before
z = 0. Figure 1 illustrates the viability of the DDM so-
lution to small-scale issues in view of recent Lyman-α
forest data. We have translated the reported constraints
on the thermal WDM mass mwdm into the DDM param-
eter space by closely following Ref. [24]. A dedicated
study like Ref. [21] is preferable but beyond the scope of
this paper. We remark that this model can also easily
evade constraints from the recent observations of 21 cm
signal [30] through formation of Pop-III stars and reion-
ization [31, 32].
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FIG. 1: DDM parameter space. The red colored region in-
dicates the parameter space suggested to be a solution to
the too-big-to-fail problem [23]. The black dashed line is
taken from Ref. [21], where DDM is directly examined by
the Lyman-α forest data. The other lines are constraints
translated from the reported lower bounds on the thermal
WDM mass: mwdm > 2.0 (green) [33], 3.3 (blue) [10], 4.09
(cyan) [11], and 5.3 keV (brown) [12]. We follow the proce-
dure in Ref. [24] with the WDM transfer function in Ref. [34]
and the concentration-mass relation in Ref. [35]. One can
see that once the Lyman-α forest constraint becomes as tight
as mwdm & 7.0 keV, the DDM solution will be severely con-
strained.
In contrast to the intriguing structure formation in
DDM models, an investigation of the following two as-
pects seems missing:
• a concrete particle physics model interrelating Vk ∼
10−4 and Γ−1 ∼ tage with more fundamental pa-
rameters and providing a DDM production mecha-
nism.
1 However, the missing satellite problem seems quite vulnerable
to astrophysical processes. For example, once an empirical re-
lation between the stellar and halo masses is extrapolated to
smaller-size haloes, late decaying dark matter could result in a
smaller number of subclumps than observed [29]. Further dedi-
cated studies are warranted.
• prospects of finding distinctive signals of a certain
DDM model apart from its structure formation,
making it possible to discriminate the DDM solu-
tion to small-scale issues from complex astrophysi-
cal processes [4–6].
Here, the light particle emitted from the DDM decay is
the key. It is severely constrained if it interacts electro-
magnetically and actually even if it is neutrino [17]. Thus
one needs to introduce a feebly interacting particle be-
yond the standard model (SM). On the other hand, if it
does not leave any detectable signal, it does not help us
to discriminate the DDM scenario as a solution to small-
scale issues. An axionlike particle (ALP) is a good candi-
date filling the gap. It is naturally light and feebly inter-
acting with SM particles. Meanwhile, a part of the ALPs
emitted from the DDM decay is converted to O(10) GeV
photons under the Galactic magnetic fields. Depending
on the ALP parameters, the resultant gamma-ray flux
can be detected in existing and near future facilities such
as Fermi-LAT [36, 37] and CTA [38].2 Remarkably its
peculiar morphology over the sky makes this DDM sce-
nario distinguishable as a solution to small-scale issues
from unconstrained astrophysical processes.
If we consider an ALP as an invisible particle, it
is straightforward to consider an axinolike particle
(ALPino) and gravitino as DDM and SDM, respectively.
For the first compelling model, in this paper, we propose
a supersymmetric (SUSY) extension of the standard
model plus an ALP sector. A fermion partner of the
ALP (a), i.e., ALPino (a˜), is the next-to-the-lightest
supersymmetric particle (NLSP) and a fermion part-
ner of graviton, i.e., gravitino (ψµ), is the LSP. The
mass of ALPino is determined by SUSY breaking and
thus is expected to be of order the gravitino mass in
supergravity similarly to the mass of the quantum
chromodynamics axino [43–45]. It is plausible that the
ALPino mass is exactly the same as the gravitino mass at
the tree-level, but (ma˜−m3/2)/ma˜ ∼ 10−4 (ma˜: ALPino
mass, m3/2: gravitino mass) is achieved by one-loop
correction [43, 46]. Intriguingly, the lifetime of ALPino
is about the age of the Universe when the gravitino mass
is at the sub-PeV scale and ∆m/m ∼ 10−4. Such a
high-scale SUSY is compatible with the 125 GeV SM
Higgs mass [47, 48], although it does not solve a little
hierarchy or improve the grand unification since we take
gaugino masses as high as PeV. It is also encouraging
that DDM is realized in SUSY models, where the pa-
rameters are well-controlled by the symmetry. ALPino is
2 One can identify an ALP in this paper as the QCD axion, solving
the strong CP problem [39–42]. However, in the QCD axion case,
the produced gamma-ray signal is too faint to be detected. We
will discuss this point later in the ALP emission and GeV gamma
ray section.
3mainly produced from the decay of the lightest ordinary
supersymmetric particle (LOSP) during the reheating of
the Universe.
ALPino Model – We work in a simple SUSY ALP
model where an ALP superfield (A) couples to U(1)
hypercharge gauge superfield WB and hidden SU(N)h
gauge superfield W ah . The interactions are described by
the effective superpotential given as
Weff = −
√
2gaB AWBWB −
√
2gagh AW
a
hW
a
h , (1)
where gaB and gagh are dimensionful coupling constants
proportional to 1/f . The former coupling offers produc-
tion of ALPinos in the early Universe. It also provides
the ALP-photon coupling after the electroweak symme-
try breaking as
Leff ⊃ gaγ aFµν F˜µν , (2)
where gaγ = gaB cos
2 θW (θW : weak mixing angle). It
converts the ALP emitted from the ALPino decay into
a photon in the presence of the Galactic magnetic field.
Meanwhile, the confinement of the hidden sector at the
dynamical scale Λh gives the ALP mass of ma ∼ Λ2h/f
through the gagh coupling.
The decay of ALPino into gravitino and an ALP is
described by [49]
L3/2 = − 1
2Mpl
∂νa ψ¯µ γ
νγµiγ5 a˜ , (3)
with Mpl = 2.43 × 1018 GeV being the reduced Planck
mass. It leads to [50]
Γ−1a˜ =
96pim23/2M
2
pl
m5a˜
(
1− m3/2
ma˜
)−2(
1−
m23/2
m2a˜
)−3
' 10 Gyr
(
700 TeV
ma˜
)3(
20 km/s
Vk
)5
, (4)
with which the ALPino mass is uniquely determined by
Γ−1a˜ and Vk.
ALPino relic abundance – We can obtain the correct
ALPino relic abundance, for instance, in the following
low-reheating scenario. We assume that inflaton pertur-
batively decays into the SM sector and its SUSY partners
for simplicity. The thermal freeze-out of the LOSP takes
place during the inflaton domination before the reheat-
ing, TR < Tfo ∼ mlosp/20, if the maximum tempera-
ture is higher than mlosp. The LOSP eventually decays
predominantly into ALPino. Other contributions such
as production through scattering and decay processes of
thermal particles are negligible [51]. The ALPino yield
is given by
Ya˜ ' Y folosp ×
4 + p
1 + p
[
g∗(TR)
g∗(Tfo)
]1/2(
TR
Tfo
)3
, (5)
where Y folosp is the LOSP yield for TR > Tfo and the ad-
ditional factor represents the dilution of the relic abun-
dance during the reheating. The LOSP yield is given
by
Y folosp '
(1 + p)H(Tfo)
〈σv〉(Tfo) s(Tfo) , (6)
with g∗(T ) being the effective number of massless degrees
of freedom, s(T ) being the entropy density, and H(T ) be-
ing the Hubble expansion rate. The thermally averaged
annihilation cross section, 〈σvrel〉 ∝ v2prel, depends on a
detailed SUSY mass spectrum.
For instance, we take Y folosp = 4 × 10−13 (mlosp/1 TeV)
and p = 0 for simplicity, having in mind a fermion SUSY
partner of the weak charged particles (e.g., wino and Hig-
gsino) as the LOSP [52]. By equating the ALPino relic
abundance with the observed DM mass density, one finds
TR ' 570 GeV
( mlosp
106 GeV
)2/3
. (7)
Due to the low-reheating temperature, we can safely
ignore the thermally produced gravitino abundance [53–
55]. We find that the hidden sector quasi-stable glueball
abundance produced from the SM (+ its SUSY partner)
thermal bath and from the decaying sALP (scalar
partner of ALP) coherent oscillation is negligible for
gaγ & 10−15 GeV−1 [51]. We have also checked that
the ALP abundance via the misalignment mechanism is
subdominant. Furthermore, in the parameter space of
interest, the LOSP lifetime is short enough not to spoil
the SM success of the big bang nucleosynthesis and not
to dominate the energy density of the Universe.
ALP emission and GeV gamma ray – The ALPino de-
cay produces an ALP with the energy of
Ea = mVk = 47 GeV
( ma˜
700 TeV
)( Vk
20 km/s
)
, (8)
which is also determined by Γ−1a˜ and Vk. The emitted
ALP inside our galaxy is converted to the GeV gamma
ray under the Galactic magnetic field. The flux is given
by
E2γ
d2Φaγ
dEγdΩ
' 6× 103 JD,ROI e−Γa˜tage MeV/cm2/s/sr
×
(
Eγ
47 GeV
)2(
700 TeV
ma˜
)(
Γa˜
10 Gyr
)
×
(
1 GeV
∆E
)(
1 sr
∆ΩROI
)
, (9)
at the position of the Sun. Here Eγ(= Ea) is the energy
of the converted photon and ∆E is the energy bin size of
the observation of interest. The JD,ROI factor is given by
JD,ROI =
∫
ROI
dΩ
∫
los
dsPaγ(s,Ω)
ρ(s,Ω)
rρ
, (10)
4with the sky region of interest (ROI) and the line of sight
(los). Here, Paγ(s,Ω) is the local ALP-photon conversion
probability, and ρ(s,Ω) is the local dark matter density.
One can compare it with the observed diffuse gamma-ray
flux in Fermi-LAT [36]:
E2γ
d2Φobsγ
dEγdΩ
' 6× 10−4 MeV/cm2/s/sr , (11)
with the ROI being l = 0–360◦ and |b| = 8–90◦
in the Galactic coordinate and the energy bin being
E = 30–50 GeV. In this ROI, we have ∆E = 20 GeV,
∆ΩROI = 10.8 sr, and if Paγ is constant, JD,ROI '
22 × Paγ virtually independently of the DM profile. It
is clear that even a tiny conversion of ALP into photon,
e.g., Paγ ' 4× 10−6, leaves an observable signal.
The ALP-photon conversion under the magnetic field
is discussed in the literature [56, 57]. Here we focus on
the so-called adiabatic limit, where the scale lengths of
the magnetic field and of electron distribution, and the
propagation distance are much longer than the oscillation
length [57]. For the propagation in the Galactic magnetic
field, the formers are of order 1 kpc, while the latter is
0.4 kpc
(
10−7 eV
ma
)2(
Ea
47 GeV
)
, (12)
for m2a/Ea  gaγ |BT |, where BT is the component of the
magnetic field transverse to the line of sight. It follows
that we consider ma & 5 × 10−8 eV.3 The conversion
probability of the propagating ALP from a given Galactic
position to the Sun is given by
Paγ(s,Ω) ' 2× 10−7
∣∣∣∣BT (s,Ω)µG
∣∣∣∣2(10−7 eVma
)4
×
(
gaγ
10−11 GeV−1
)2(
Eγ
47 GeV
)2
, (13)
which can be as large as Paγ ' 4×10−6 obtained above.4
The JD,ROI factor in Eq. (10) is then obtained by con-
voluting the DM density field and the conversion proba-
bility, so it depends not only on the DM profile but also
on the Galactic magnetic field profile. The top panel of
Fig. 2 depicts the morphology of the converted gamma-
ray flux. One can compare it with the morphology of the
3 In this mass range, the most stringent bound for ALP-
photon coupling is obtained by the number ratio of horizon-
tal branch stars over red giants, and is given by gaγ . 6.6 ×
10−11 GeV−1 [58]. We refer readers to Refs. [59, 60] for future
prospects of covering this parameter region by ALP-photon os-
cillation features in gamma-ray spectra.
4 In the QCD axion case, the conversion probability is rather small
since ma ∼ 10−2 eV for gaγ ∼ 10−11 GeV. To obtain ma ∼
10−7 eV for gaγ ∼ 10−11 GeV, one needs to take the hidden
dynamical scale smaller than the QCD one, Λh ∼ 150 keV.
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FIG. 2: Top: Mollweide projected sky map of gamma-ray
flux converted from ALP emitted from ALPino decay. We
take ma = 10
−7 eV, gaγ = 10−11 GeV−1, ∆Ebin = 20 GeV,
and Eγ = 47 GeV. We use the Galactic magnetic field profile
introduced in Ref. [61] and the NFW dark matter profile [62,
63]. The color legend denotes E2γd
2Φγ/(dEγdΩ) in units of
MeV/cm2/s/sr. Bottom: The same as the top panel but for
DM decaying into two photons. We set the lifetime 1028 s and
the DM mass 94 GeV.
gamma-ray flux in a model with DM decaying into two
photons shown in the bottom panel of Fig. 2. These two
morphologies are clearly different since the former is a
convolution of the DM density profile and the conversion
probability, while the latter traces just the DM density
profile. Note that the top panel is also different from
the morphology found in Refs. [60, 64] since they con-
sider an extragalactic isotropic ALP background and thus
their morphology traces just the conversion probability.
We use the Galactic magnetic field model of Ref. [61]
in Fig. 2 (Top panel). We remark that morphologies in
other Galactic magnetic field models are also distinctive
from that for DM decaying into two photons. Details are
discussed in Appendix.
In order to obtain a robust constraint on the ALP
parameter space from existing Fermi-LAT data [36, 37]
and discuss prospects in future facilities [38], one needs
to perform a dedicated numerical analysis. Since the
adiabatic approximation is not held for some parameter
space, one needs to numerically follow the ALP-photon
conversion along the line-of-sights. Uncertainty in
modeling of Galactic magnetic fields also needs to be
taken into account. Such a dedicated study will be given
in the future work [51].
Concluding Remarks – We have revisited the DDM so-
lution to small-scale issues arising in the CDM paradigm.
5The DDM evades the latest Lyman-α forest constraints
that disfavor the conventional WDM solution to the is-
sues. We have provided a compelling particle physics
realization for the first time to our best knowledge. We
have considered an ALPino decaying into slightly lighter
gravitino and an ALP with the lifetime Γ−1a˜ ' 10 Gyr and
the kick velocity Vk ' 30 km/s. The sub-PeV ALPino
mass is predicted by Γ−1a˜ and Vk, while PeV SUSY break-
ing is compatible with the measured SM Higgs mass. We
can obtain the correct ALPino relic abundance from the
LOSP decay after its freeze-out.
Not only the sub-PeV ALPino mass, but also the
energy of an ALP emitted by the ALPino decay is
uniquely determined by Vk as Eγ = mVk ' 50 GeV. The
ALP is converted to a photon during the propagation in
the Galactic magnetic field. We have stressed that the
ALP emitted from the ALPino decay shows a unique
signature that can be distinguished from usual DM
decay into photon pair. Such signatures, in principle,
discriminate the DDM solution to small-scale issues from
others such as unconstrained astrophysical processes.
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Appendix: Different models of Galactic magnetic
fields
The morphology of gamma-ray flux converted from
ALP depends on the modeling of the Galactic magnetic
field, as depicted in Eq. (13). In the top panel of Fig. 2,
we showed the morphology induced by the model of
Ref. [61]. However, due to the limited data sets and
limited knowledge on intergalactic/interstellar medium,
there are uncertainties on estimating the Galactic mag-
netic field, and thus the modeling of the Galactic mag-
netic fields is not unique. Several models and their best-
fit parameters are introduced in Refs. [61, 65–67].
In Fig. 3, we present the converted gamma-ray flux by
taking the two models introduced in Refs. [65–67]. The
morphology of the converted gamma-ray flux in Fig. 3 is
still clearly different from the case of DM decaying into
two photons shown in the bottom panel of Fig. 2. Notice
that the model of Ref. [61] (Fig. 2, top panel) exhibits a
morphology with a higher contrast in intensity than those
of Refs. [65–67] (Fig. 3). This is because the model of
Ref. [61] is featured by an extra “X-shaped” component
magnetic field motivated from the radio observations of
external edge-on galaxies.
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FIG. 3: Mollweide projected sky map of gamma-ray flux con-
verted from ALP emitted from ALPino decay. The param-
eters taken and the color legend are the same as in the top
panel of Fig. 2. Top: The Galactic magnetic field profile intro-
duced in Ref. [65, 67] is used. Bottom: The Galactic magnetic
field profile introduced in Ref. [66, 67] is used.
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